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SOFC  composite  electrodes  of  yttria-stabilized  zirconia  (YSZ)  and  either  LaNio.6Feo.4O3  (LNF)  or 
La0.91Sr0.09Ni0.6Fe0.4O3  (LSNF)  were  prepared  by  infiltration  to  a  loading  of  40  wt%  of  the  perovskite  into 
porous  YSZ  using  aqueous  solutions  of  the  nitrate  salts.  XRD  measurements  indicated  that  the  perovskite 
structures  were  formed  following  calcination  at  850  °C,  at  which  temperature  the  LNF  and  LSNF  form  small 
particles  that  coat  the  YSZ  pores.  Heating  to  1100  °C  causes  the  particles  to  form  a  dense  film  over  the 
YSZ  but  caused  no  solid-state  reaction.  Calcination  of  an  LNF-YSZ  composite  to  1200  °C  led  to  an  expan¬ 
sion  of  the  LNF  lattice,  suggesting  introduction  of  Zr(IV)  into  the  perovskite;  further  heating  to  1300  °C 
caused  the  formation  of  La2Zr207.  For  850  °C  calcination,  the  electrode  performance  of  both  LNF-YSZ  and 
LSNF-YSZ  composites  was  similar  to  that  reported  for  composites  of  YSZ  and  Lao.8Sr0.2Fe03  (LSF),  with  a 
current-independent  impedance  of  approximately  0.1  Q  cm2  at  700  °C  in  air.  For  1100  °C  calcination,  both 
LNF-YSZ  and  LSNF-YSZ  composites  exhibited  impedances  that  decreased  strongly  under  both  anodic  and 
cathodic  polarization.  The  implications  of  these  results  for  preparing  electrodes  based  on  LNF  and  LSNF 
are  discussed. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  performance-limiting  factor  in  solid  oxide  fuel  cells  (SOFC) 
is  often  the  cathode  impedance  [1-3].  This  is  because  the  standard 
cathode  material  with  yttria-stabilized  zirconia  (YSZ)  electrolytes 
is  still  a  composite  of  Sr-doped  LaMn03  (LSM)  and  YSZ,  despite 
the  fact  that  LSM-YSZ  cathodes  have  relatively  high  impedances  at 
temperatures  below  750  °C  [4].  The  impedance  of  cathodes  made 
from  mixed-conducting  perovskites,  such  as  Sr-doped  LaCo03 
(LSCo)  [5-8],  LaFe03  (LSF)  [9-12],  or  LaFe0.8Coo.203  (LSCF)  [13,14], 
can  be  much  lower;  however,  the  preparation  of  these  alternative 
electrodes  is  complicated  by  the  fact  that  many  of  the  mixed- 
conducting  perovskites  undergo  a  solid-state  reaction  with  YSZ  at 
the  sintering  temperatures  required  for  standard  preparation  of 
SOFC  electrodes. 

The  formation  of  insulating  phases  during  electrode  fabrication 
can  be  avoided  by  using  low- temperature,  infiltration  procedures  to 
synthesize  the  electrodes  [15-17].  This  procedure  involves  prepar¬ 
ing  a  porous  YSZ  scaffold  together  with  the  electrolyte,  then 
infiltrating  either  the  perovskite  nanoparticles  or  the  precursor 
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salts  required  to  form  the  perovskites  within  the  scaffold.  Because 
the  procedure  allows  formation  of  a  long  three-phase  boundary 
(TPB),  the  initial  performance  of  these  electrodes  can  be  quite  good. 
Unfortunately,  stability  has  remained  a  problem.  Since  solid-state 
reaction  between  LSCo  and  YSZ  occurs  already  at  the  700  °C  [18],  it 
is  not  surprising  that  electrodes  formed  by  infiltration  with  LSCo  are 
not  stable  [15,19].  By  comparison,  LSF  and  YSZ  are  relatively  unre¬ 
active,  with  no  evidence  for  interfacial  reactions  even  at  1100  °C 
[9,20,21  ].  A  major  problem  with  LSF  is  its  relatively  low  electronic 
conductivity,  on  the  order  of  50  S  cm-1 ,  compared  to  200  S  cm-1  for 
LSM.  Since  the  conductivities  of  composites  formed  by  infiltration 
of  a  conductor  into  an  insulating  scaffold  are  typically  100  times 
lower  than  the  intrinsic  conductivity  of  the  pure  conductor  [16], 
this  lower  conductivity  can  be  a  serious  issue.  The  usual  approach  to 
increasing  the  conductivity  of  LSF  is  to  dope  with  Co  (i.e.,  form  LSCF) 
but  this  likely  re-introduces  the  problem  of  reactivity  between  Co 
and  YSZ. 

Our  groups  have  recently  investigated  the  properties  of 
perovskites  based  on  Fe  and  Ni,  LaNi0.6Fe0.4O3_5  (LNF)  and 
Lai_xSrxNi0.6Fe0.4O3  (LSNF)  [22-24].  The  fact  that  NiO  can  be  co¬ 
sintered  with  YSZ  in  the  formation  Ni-YSZ  anodes  (Co-sintering  of 
CoO*  and  YSZ  is  not  possible  due  diffusion  of  CoO*  into  YSZ  [25]) 
suggests  that  LNF  and  LSNF  are  likely  to  be  significantly  less  reactive 
with  YSZ  than  is  LSCF.  The  conductivity  of  even  pure  LNF  is  high, 
similar  to  that  of  LSM  and  LSCF,  and  can  be  further  enhanced  by 
doping  with  Sr,  with  a  maximum  electronic  conductivity  at  x  =  0.09 


0378-7753 /$  -  see  front  matter  ©  2009  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2009.04.046 


748 


S.  Lee  et  al.  /  Journal  of  Power  Sources  193  (2009)  747-753 


Table  1 

Electrical  and  Ionic  Conductivities  of  LNF,  LSNF  and  LSF  at  700  °C. 


LNF 

LSNF 

LSF 

Electrical  conductivity  (S  cm-1 ) 

235 

385 

80 

Ionic  conductivity  (S  cm-1 ) 

1.6  x  10-6 

0 

X 

CT) 

8.3  x  10-4 

of  almost  400  S  cm-1  in  air  at  700  °C  [24].  The  ionic  conductivity  of 
LSNF  at  this  composition  is  about  20  times  lower  than  that  of  LSF 
but  higher  than  that  of  LNF  by  a  factor  of  30.  The  electronic  and 
ionic  conductivities  of  La0.8Sr0.2FeO3  (LSF),  LaNio.6Feo.4O3  (LNF), 
and  La0.91Sr0.09Ni0.6Fe0.4O3  (LSNF)  at  700  °C  are  summarized  in 
Table  1. 

LNF-YSZ  cathodes  prepared  by  conventional  methods  do  exhibit 
some  desirable  properties  but  overall  electrode  performance  is  not 
comparable  to  that  of  LSM-YSZ  electrodes.  Regarding  good  proper¬ 
ties,  LNF  exhibits  reasonable  compatibility  for  thermal  expansion 
with  traditional  electrolyte  materials  [26]  and  appears  to  be  more 
tolerant  towards  Cr  poisoning,  associated  with  stainless  steel 
interconnects,  than  are  cathodes  based  on  LSM  [27,28].  Flowever, 
electrode  impedances  tend  to  be  high,  at  least  in  part  due  to  forma¬ 
tion  ofLa2Zr207  [29].  Although  one  study  achieved  a  power  density 
of  1.56  W cm-2  at  800  °C  with  an  LNF  cathode  and  a  zirconia- 
based  electrolyte  [30],  it  was  necessary  to  polarize  the  electrode 
at  high  current  densities  for  long  times  to  achieve  this.  In  other 
studies,  reasonable  performances  were  reported  by  placing  a  thin 
layer  of  Sm-doped  ceria  (SDC)  between  the  LNF  and  the  elec¬ 
trolyte  or  by  using  an  LNF-SDC  composite  as  the  electrode  [31]. 
In  both  cases,  however,  the  cathode  impedances  were  inconsis¬ 
tent  with  fuel-cell  power  densities  greater  than  1 W  cm-2  at  800  °C. 
Finally,  Simner  et  al.  compared  cathodes  based  on  La0.8Sr0.2FeO3_5, 
La0.7Sro.3Feo.8Nio.203_5,  and  LaNi0.6Fe0.4O3_(5  and  found  LSF  to  give 
the  best  performance  [10].  In  agreement  with  this,  a  later  study 
examined  a  series  of  LSNF  cathodes  and  reported  that  increasing  Ni 
content  decreased  performance  [32]. 

In  the  present  paper,  we  compare  the  performance  of  LSF,  LNF, 
and  LSNF  cathodes  prepared  by  infiltration  into  porous  YSZ.  For 
calcination  at  850  °C,  each  of  the  perovskites  formed  nanoparticle 
coatings  over  the  YSZ  scaffold  and  each  provided  similar  electrode 
impedances  that  were  independent  of  current  density.  After  cal¬ 
cination  to  1100  °C,  each  of  the  perovskites  appeared  to  form  a 
dense  coating  over  the  YSZ  scaffold.  The  high-temperature  elec¬ 
trodes  exhibited  impedances  that  were  highly  current-dependent. 
The  curvature  was  much  more  pronounced  with  the  LNF  and  LSNF 
electrodes,  possibly  due  to  their  lower  ionic  conductivity  compared 
to  LSF. 

2.  Experimental 

The  fuel-cell,  composite  electrodes  were  prepared  using  infil¬ 
tration  procedures  similar  to  those  described  in  earlier  papers 
[20,33-35].  The  first  step  in  fuel-cell  preparation  involved  making 
a  YSZ  wafer  that  had  a  dense  layer  between  two  porous  layers.  The 
porous-dense-porous  YSZ  structure  was  produced  by  laminating 
three  green  tapes,  using  graphite  as  the  pore  former  in  the  layers 
that  were  to  be  porous,  and  then  firing  the  structure  to  1500  °C  for 
4  h.  The  green  tapes  were  prepared  by  mixing  YSZ  powder  (Tosoh 
Corp.,  8  mol%  Y203-doped  Zr02, 0.2  pan)  with  distilled  water,  a  dis¬ 
persant  (Duramax  3005,  Rohm  &  Flaas),  and  binders  (HA12  and 
B1000,  Rohm  &  Flaas).  In  the  present  study,  the  dense  electrolyte 
layers  were  between  80  and  100  pm  thick  and  had  a  diameter 
of  1  cm,  while  the  two  porous  layers  were  each  50  pm  thick  and 
0.67  cm  in  diameter.  Based  on  earlier  work,  the  porous  layers  were 
known  to  be  65%  porous  and  have  relatively  uniform  pore  dimen¬ 
sions  between  1  and  2  pan  [36]. 


Either  LNF  or  LNSF  was  incorporated  into  porous  YSZ  by 
infiltration  with  aqueous  solutions  containing  La(N03)3-6H20, 
Fe(N03)3-9H20,  Ni(N03)2-6H20,  and  Sr(N03)2  at  the  proper  molar 
ratios.  After  infiltration,  the  salts  were  calcined  in  air  to  450  °C  for 
30  min  to  decompose  the  nitrate  ions  and  then  re-infiltrated  with 
the  salt  solutions  until  the  desired  loading,  40wt%  of  the  added 
oxide,  was  achieved.  To  form  the  perovskite  phases,  the  mixed 
oxides  were  heated  in  air  to  either  850  or  1100  °C  with  a  heat¬ 
ing  rate  of  3°Cmin-1  for  4h.  For  symmetric-cell  measurements, 
both  porous  layers  of  the  porous-dense-porous  YSZ  structure  were 
infiltrated  simultaneously.  For  fuel-cell  measurements,  the  anodes 
were  prepared  after  forming  the  LNF  or  LSNF  cathode.  The  anodes 
were  formed  by  infiltration  of  40wt%  ceria  and  0.5  wt%  Pd.  The 
ceria  was  added  first,  using  an  aqueous  solution  of  Ce(N03)3  -6H20 
and  calcination  to  850  °C  with  a  heating  rate  of  3  °Cmin-1  for  4h, 
after  which  the  Pd  was  added  using  (NH3)4Pd(N03)2  and  calcina¬ 
tion  at  450  °C  for  30  min.  Based  on  earlier  studies  [37-39],  an  anode 
of  this  composition  contributes  about  0.1  £2  cm2  to  the  non-ohmic 
impedance  of  cells  operating  at  700  °C  in  humidified  H2.  Because 
we  have  found  the  use  of  reference  electrodes  to  be  unreliable  [40], 
cathode  performance  in  this  paper  was  estimated  from  the  total¬ 
cell  performance  by  subtracting  the  contribution  of  the  above  anode 
losses  and  checked  using  symmetric  cells. 

For  fuel-cell  testing,  the  cells  were  attached  to  an  alumina  tube 
with  a  ceramic  adhesive  (Aremco,  Ceramabond  552).  Ag  paste  was 
used  as  the  current  collector  under  both  air  and  fuel  conditions. 
Impedance  spectra  were  measured  at  open  circuit  in  the  galvanos- 
tatic  mode  with  a  frequency  range  of  0.1  Hz  to  100  KHz  and  a  1  mA 
AC  perturbation  using  a  Gamry  Instruments  potentiostat.  H2  was 
introduced  to  the  anode  compartment  at  a  flow  rate  of  50  ml  min-1 
through  a  room-temperature,  water  bubbler  for  humidification. 

The  physical  characteristics  of  the  cathode  composites  were 
examined  by  XRD  using  Cu  Ka  radiation,  to  ensure  that  the  proper 
phases  were  produced,  and  by  scanning  electron  microscopy  (JEOL 
5600  SEM).  For  the  atomic  force  microscopy  (AFM)  measure¬ 
ments,  an  aqueous  solution  of  La(N03)3-6H20,  Fe(N03)3-9H20,  and 
Ni(N03)2-6H20  was  prepared  in  the  proper  stoichiometry  to  form 
LNF.  This  solution  was  then  sprayed  onto  a  heated  YSZ(1  0  0)  crystal. 
Deposited  specimens  were  heat-treated  at  various  temperatures  for 
4  h.  The  topology  of  the  deposited  particles  was  then  investigated 
using  AFM  (Pacific  Nanotechnology  Inc.). 

3.  Results 

In  order  to  characterize  the  phases  formed  by  infiltration  of  the 
nitrate  salts,  followed  by  calcination  to  various  temperatures,  XRD 
measurements  were  performed.  Figs.  1  and  2  provide  this  data  for 
the  addition  of  40  wt%  of  oxides  with  the  stoichiometries  of  either 
LNF  or  LSNF  into  the  porous  YSZ.  For  LNF,  the  pattern  obtained 
after  heating  to  850 °C,  Fig.  la,  shows  a  very  broad  peak  centered 
at  approximately  32.8°  20.  It  has  previously  been  reported  that  the 
diffraction  pattern  for  LNF  in  this  region  shows  splitting  of  the  main 
reflection,  due  to  the  tilting  of  the  octahedra  constituting  the  per¬ 
ovskite  with  respect  to  the  c  axis,  so  that  there  are  two  peaks  at  32.6 
and  32.9°  20  [24,41].  The  pattern  at  850  °C  is  consistent  with  the 
formation  of  very  small  crystallites,  which  in  turn  causes  sufficient 
broadening  that  the  two  peaks  are  not  resolved. 

With  increasing  calcination  temperature,  the  peak  correspond¬ 
ing  to  the  LNF  perovskite  narrows  and  shifts  to  lower  angles.  By 
1200 °C,  Fig.  lc,  the  peak  has  shifted  to  32.2°  20.  The  results  here 
are  reminiscent  of  those  reported  for  LSF-YSZ  composites,  where 
a  similar  shift  in  the  peak  associated  with  the  perovskite  occurs 
at  approximately  the  same  temperatures  seen  here  [20,21].  In  the 
LSF-YSZ  case,  the  shift  in  the  diffraction  peak  to  lower  angles  is 
believed  to  be  caused  by  the  incorporation  of  Zr(IV)  into  the  B 
sites  of  the  perovskite  [21].  Therefore,  we  suggest  that  incorpora- 


S.  Lee  et  al.  /  Journal  of  Power  Sources  193  (2009)  747-753 


749 


26  (degree) 

Fig.  1.  XRD  patterns  of  the  LNF-YSZ  composite  calcined  to  (a)  850  °C,  (b)  1100  °C,  (c) 
1200  °C,  and  (d)  1300  °C. 

tion  of  Zr(IV)  also  occurs  in  LNF  at  higher  calcination  temperatures. 
While  substitution  of  Zr(IV)  into  the  perovskite  structure  could  lead 
to  deactivation,  Wang  et  al.  obtained  reasonable  electrode  perfor¬ 
mance  using  a  composite  Lao.8Sro.2Feo.9Zro.1O3  and  YSZ  formed  by 
infiltration  [20]. 

When  the  composite  is  heated  to  1300  °C,  the  diffraction  pattern 
shows  the  formation  of  La2Zr207.  Since  formation  of  La2Zr207  can 
occur  even  with  LSM-YSZ  composites  at  these  elevated  tempera¬ 
tures  [42],  it  is  perhaps  more  significant  to  notice  that  formation  of 
La2Zr207  appears  to  be  insignificant  at  lower  temperatures.  In  par¬ 
ticular,  there  is  no  evidence  for  the  formation  of  insulating  phases 
following  calcination  at  1100  °C.  Since  a  previous  study  of  LSF-YSZ 
composites  suggested  that  the  effects  of  calcination  at  1100  °C  mim¬ 
icked  that  observed  following  operation  for  long  times  at  700  and 
800  °C  [20],  the  fact  that  there  is  no  evidence  for  La2Zr207  and  min¬ 
imal  shift  in  the  XRD  peak  for  the  perovskite  in  Fig.  lb  implies  that 
solid-state  reactions  may  not  be  a  problem  for  LNF-YSZ  electrodes 
under  practical  conditions. 

Fig.  2  shows  the  XRD  patterns  analogous  to  those  in  Fig.  1  but  fol¬ 
lowing  infiltration  of  an  oxide  with  the  stoichiometry  of  LSNF.  While 
the  diffraction  peaks  for  LSNF  are  broader  than  those  observed  for 
LNF  at  each  temperature,  the  general  conclusions  for  LSNF  are  the 
same.  There  is  again  a  shift  in  the  perovskite  peak  to  lower  angles 
with  increasing  calcination  temperature,  suggesting  Zr(IV)  incorpo¬ 
ration  into  the  lattice.  The  formation  of  La2Zr207  occurs  following 
calcination  at  1300  °C  but  is  not  formed  at  lower  temperatures. 


20  (degree) 

Fig.  2.  XRD  patterns  of  the  LSNF-YSZ  composite  calcined  to  (a)  850  °C,  (b)  1100  °C, 
(c)  1200°C,  and  (d)  1300 °C. 


Fig.  3.  V-I  polarization  curves  for  fuel  cells  with  LNF-YSZ  and  LSNF-YSZ  composite 
cathode  calcined  at  850  and  1100  °C. 
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Z'  (Q  cm2) 

Fig.  4.  Cole-Cole  plots  for  the  cells  with  LNF-YSZ,  LSNF-YSZ,  and  LSF-YSZ  cathodes 
calcined  to  850  °C.  The  measurements  were  performed  at  open  circuit  holding  the 
cathodes  in  air  at  700  °C. 


The  effect  of  calcination  temperature  and  electrode  composition 
on  fuel-cell  performance  at  700  °C  is  shown  by  the  data  in  Figs.  3-5. 
Fig.  3  shows  V-I  polarization  curves  for  fuel  cells  with  LNF-YSZ  and 
LSNF-YSZ  cathodes  that  had  been  calcined  at  850  and  1100  °C.  In 
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Fig.  5.  Cole-Cole  plots  for  the  cells  with  LNF-YSZ,  LSNF-YSZ,  and  LSF-YSZ  cathodes 
calcined  to  1100  °C.  The  measurements  were  performed  at  open  circuit  holding  the 
cathodes  in  air  at  700  °C. 
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each  of  these  cells,  the  electrolyte  thicknesses  were  approximately 
90  |jim  and  the  anodes  were  exactly  the  same,  0.5  wt%  Pd  and  40  wt% 
ceria  infiltrated  into  porous  YSZ.  In  each  measurement,  humidified 
(3%  H20)  H2  was  admitted  to  the  anode  chamber  and  the  cathodes 
were  simply  exposed  to  air.  First,  it  is  apparent  that  the  performance 
characteristics  of  the  LNF-YSZ  and  LSNF-YSZ  cathodes  are  identi¬ 
cal.  Following  calcination  at  850  °C,  the  V-I  relationships  for  both 
LNF  and  LSNF  form  a  nearly  straight  line,  while  the  V-I  relation¬ 
ships  for  both  electrode  compositions  are  highly  curved,  concave 
upward,  following  calcination  at  1100  °C.  Therefore,  the  change  in 
the  morphology/nanostructure  of  the  nanocomposite  induced  by 
the  calcination  temperature,  not  the  composition,  is  the  main  factor 
in  determining  the  performance. 

The  performance  level  of  the  electrodes  that  were  calcined  to 
850  °C  is  quite  good,  as  shown  by  the  V-I  relationships  and  the 
impedance  data  in  Fig.  4.  The  open-circuit  impedance  data  for  the 
two  cells  operating  in  air  at  700  °C,  reported  in  Fig.  4  with  the  ohmic 
resistances  removed,  are  nearly  identical  and  similar  to  that  mea¬ 
sured  on  a  cell  with  an  LSF-YSZ  composite  cathode  using  the  same 
cell  configuration  and  anode  [34].  The  total  non-ohmic  losses  in 
all  three  cells  varied  between  0.22  and  0.30  £2  cm2.  Since  an  earlier 
estimate  of  anode  losses  for  40  wt%  ceria  and  0.5  wt%  Pd  formed  by 
infiltration  was  0.1  £2  cm2,  the  cathode  losses  for  the  LNF-YSZ  and 
LSNF-YSZ  electrodes  were  also  approximately  0.1  £2  cm2,  the  same 
value  reported  for  LSF-YSZ  electrodes  [20,34].  Finally,  it  should  be 
noted  that  the  impedance  measurements  are  consistent  with  the 
V-I  data  in  Fig.  3.  Based  on  the  slope  of  the  V-I  data,  the  total  area- 
specific  resistances  for  the  cells  calcined  to  850  °C  were  between  0.7 
and  0.75  £2  cm2.  Since  a  90  p,m  YSZ  electrolyte  is  expected  to  have  an 
ohmic  contribution  of  0.48  £2  cm2,  the  total  electrode  contributions 
must  be  between  0.2  and  0.3  £2  cm2.  Because  the  V-I  relationship  is 
a  straight  line,  the  impedance  of  the  cathodes  calcined  to  850  °C  is 
independent  of  current  density. 

Both  the  LNF-YSZ  and  LSNF-YSZ  electrodes  show  significant 
curvature  following  calcination  at  1100  °C.  Since  the  slopes  at  high 
current  densities  are  nearly  the  same  as  that  observed  with  the 
cathodes  calcined  at  850 °C,  the  ohmic  losses  were  unchanged. 
This  was  confirmed  by  the  impedance  measurements,  which  also 
showed  that  the  non-ohmic  losses  were  large  and  highly  dependent 
on  the  current  density  after  calcination  at  1100  °C.  The  open-circuit 
impedance  data  for  these  two  cells  are  reported  in  Fig.  5,  together 
with  data  from  an  LSF-YSZ  cell  treated  in  the  same  manner.  Again, 
the  results  for  the  fuel  cells  with  LNF-YSZ  and  LSNF-YSZ  electrodes 
are  identical,  with  both  showing  non-ohmic  losses  of  greater  than 
2.5  £2  cm2  at  700  °C;  however,  the  LSF-YSZ  electrode  was  affected 
much  less.  While  the  LSF-YSZ  electrode  also  showed  significantly 
higher  impedances  and  current  dependence  after  heating  in  air  to 
1100  °C,  the  effect  was  less  pronounced.  As  demonstrated  in  Fig.  5, 
the  total  non-ohmic  impedance  of  a  similar  cell  with  an  LSF-YSZ 
electrode  was  only  1.0  £2  cm2  at  open  circuit. 

To  investigate  the  electrochemical  properties  of  the  LNF-YSZ  and 
LSNF-YSZ  electrodes  further,  we  prepared  symmetric  cells  from 
the  same  porous-dense-porous  YSZ  wafers  that  were  used  to  syn¬ 
thesize  the  fuel  cells.  Since  these  measurements  simply  confirmed 
what  was  reported  in  the  fuel-cell  measurements,  we  show  only  a 
summary  of  the  data  for  the  cell  with  LNF-YSZ  electrodes  that  had 
been  calcined  to  1100  °C.  Fig.  6  reports  the  ohmic  and  non-ohmic 
losses  for  this  cell  as  a  function  of  current  density,  for  operation 
at  700  °C  in  air.  As  expected  the  ohmic  losses  were  independent  of 
current  density  and  in  good  agreement  with  the  value  calculated 
for  the  90-p.m  YSZ  electrolyte,  0.5  £2  cm2.  The  total  non-ohmic  loss 
at  open  circuit  was  initially  5.0  £2  cm2,  twice  the  value  estimated 
for  a  single  LNF-YSZ  electrode  from  Fig.  5.  The  non-ohmic  losses 
are  found  to  be  strongly  dependent  on  current  density,  approach¬ 
ing  a  value  of  0.2  £2  cm2  for  current  densities  above  1.0  A  cm-2.  After 
polarizing  the  cell  by  passing  a  positive  current,  the  total  non-ohmic 


Fig.  6.  Plots  of  the  ohmic  and  non-ohmic  impedances  of  a  symmetric  cell  with 
LNF-YSZ  electrodes  calcined  to  1100  °C  as  a  function  of  current  density. 

impedance  at  open  circuit  decreased  to  3.2  £2  cm2.  This  is  simi¬ 
lar  to  what  is  observed  with  symmetric  cells  made  from  LSM-YSZ 
and  indicates  hyste retie  behavior  [43].  Finally,  it  is  noteworthy  that 
the  impedance  at  high  positive  or  negative  current  densities  was 
the  same,  0.2  £2  cm2,  a  value  that  is  also  approximately  twice  the 
impedance  estimated  for  the  LNF-YSZ  electrode  calcined  to  850  °C. 

The  one  new  piece  of  information  from  Fig.  6  that  was  not  indi¬ 
cated  by  the  fuel-cell  performance  is  that  the  impedances  of  the 
LNF-YSZ  electrodes  decrease  with  current  density  in  the  same  man¬ 
ner  for  anodic  and  cathodic  polarization.  The  cell  is  obviously  no 
longer  symmetric  when  current  is  applied.  Since  the  impedance 
is  very  low  at  high  current  densities,  the  impedance  of  both  elec¬ 
trodes  must  be  affected  in  a  similar  manner.  Again,  this  is  similar  to 
what  was  observed  with  LSF-YSZ  in  a  previous  study.  The  classical 
explanation  for  current-dependent  impedances  is  that  the  elec¬ 
trode  overpotential  assists  in  making  the  reactants  overcome  the 
activation  barrier,  as  described  by  Butler-Volmer  kinetics;  however, 
it  is  difficult  to  understand  how  the  barrier  would  be  the  same  for 
both  cathodic  and  anodic  reactions.  The  V-I  relationship  also  does 
not  follow  the  exponential  dependence  predicted  by  Butler-Volmer 
kinetics  [20]. 

To  understand  the  changes  that  occur  upon  calcination  to 
1100  °C,  we  examined  the  electrodes  by  SEM.  Fig.  7a  is  a  micrograph 
of  the  porous  YSZ  scaffold.  As  mentioned  earlier,  the  scaffold  has  a 
“sponge-like”  appearance,  with  channels  that  are  typically  between 
1  and  2  p,m  in  diameter.  Fig.  7b  and  c  are  images  of  the  scaffold  after 
adding  40  wt%  of  either  LNF  or  LSNF  and  heating  in  air  to  850  °C.  In 
both  cases,  the  LNF  and  LSNF  are  present  as  small  particles,  approx¬ 
imately  0.1  -0.2  fxm  in  size,  that  form  a  porous  coating  over  the 
YSZ  structure.  When  the  LNF  and  LSNF  were  heated  to  1100  °C,  the 
porous  perovskite  coatings  appear  to  become  dense.  This  is  again 
similar  to  what  was  observed  with  Sr-,  Ba-,  and  Ca-doped  LaFe03 
[20,34]. 

Finally,  to  understand  the  processes  that  drive  the  change  in 
perovskite-particle  morphology,  we  examined  the  effect  of  cal¬ 
cination  temperature  on  small  particles  of  LNF  deposited  onto  a 
YSZ(  10  0)  crystal  using  AFM,  with  the  results  shown  in  Fig.  8.  Fig.  8a 
shows  a  micrograph  of  particles  following  calcination  to  1000  °C. 
The  surface  of  the  crystal  is  covered  with  a  uniform  distribution  of 
particles,  roughly  20-30  nm  in  diameter,  with  heights  that  are  typi¬ 
cally  4-6  nm.  When  this  surface  was  heated  to  1100  °C,  the  particles 
appeared  to  spread  out  and  form  a  relatively  uniform  film  over  the 
YSZ.  This  is  similar  to  what  was  observed  with  LSM  particles  on  YSZ 
crystals  [44,45].  In  that  case,  it  was  suggested  that  surface  interac¬ 
tions  (e.g.  “wetting”  interactions)  between  the  perovskite  and  the 
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Fig.  7.  SEM  images  of  (a)  the  YSZ  backbone,  (b)  the  LNF-YSZ  composite  calcined  to  850  °C,  (c)  the  LSNF-YSZ  composite  calcined  to  850  °C,  (d)  the  LNF-YSZ  composite  calcined 
to  1100  °C,  and  (e)  the  LSNF-YSZ  composite  calcined  to  1100  °C. 


YSZ  provided  a  driving  force  for  causing  the  particles  to  spread. 
Based  on  the  results  in  Fig.  8,  it  would  appear  that  similar  effects 
may  be  occurring  with  LNF  and  YSZ,  causing  the  perovskite  to  coat 
the  pores  of  the  YSZ. 

4.  Discussion 

One  of  our  groups  has  recently  investigated  the  properties  of 
SOFC  cathodes  prepared  by  infiltration  of  Sr-,  Ba-,  and  Ca-doped 
LaFe03  (LSF,  LBF,  and  LCF)  [34].  What  is  remarkable  about  the 
present  results  with  LNF  and  LSNF  is  how  similar  the  electrochemi¬ 
cal  properties  of  all  of  these  materials  are.  Based  on  XRD  results, 
all  of  these  perovskites  were  unreactive  with  YSZ  up  to  at  least 


1100  °C.  Following  calcination  to  850  °C,  each  of  the  infiltrated  cath¬ 
odes  exhibited  a  current-independent  impedance  of  approximately 
0.1  £2  cm2  at  700  °C  in  air.  Following  calcination  to  1100  °C,  the 
impedances  at  700  °C  of  each  of  the  infiltrated  cathodes  were  much 
higher,  but  the  impedances  decreased  sharply  with  current  density, 
independent  of  the  sign  of  that  current,  whether  anodic  or  cathodic. 
In  each  case,  the  changes  in  the  electrochemical  performance  with 
increasing  calcination  temperature  were  accompanied  by  the  for¬ 
mation  of  a  film-like  coating  of  the  perovskite  over  the  YSZ  pore 
structure. 

It  is  interesting  to  ask  how  the  electrochemical  properties  are 
affected  by  the  materials  properties.  The  addition  of  Ni  to  the  per¬ 
ovskite  (LSF  to  LSNF)  increases  the  electronic  conductivity  by  a 
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Fig.  8.  AFM  images  of  LNF  particles  on  a  YSZ(1  0  0)  single  crystal  after  calcination  to 
(a)  1000  °C  and  (b)  1100  °C.  Height  profiles  were  drawn  along  the  lines  A  to  B. 

factor  of  5  but  at  the  cost  of  losing  more  than  an  order  of  mag¬ 
nitude  in  the  ionic  conductivity.  Similarly,  the  substitution  of  Ca  for 
Sr  (LSF  to  LCF)  has  little  impact  on  electronic  conductivity  but  also 
decreases  ionic  conductivity  by  a  more  than  an  order  of  magnitude. 
For  calcination  at  the  lower  temperatures,  conditions  for  which  the 
perovskite  phase  forms  a  layer  over  the  YSZ  structure  that  is  highly 
porous,  changes  in  ionic  and  electronic  conductivity  seem  to  have 
no  impact  on  electrode  performance.  It  is  only  following  treatment 
at  higher  temperatures,  where  the  perovskites  appear  to  form  a 
film  over  the  YSZ,  that  we  observe  differences  between  the  various 
materials.  Even  then,  the  differences  between  the  LNF,  LSNF,  LSF, 
LBF,  and  LCF  are  relatively  subtle. 

Clearly,  the  properties  of  the  perovskite  do  matter,  as  shown  by 
the  fact  that  cathodes  formed  by  infiltration  of  LSM  into  similar 


porous  YSZ  scaffolds  exhibit  significantly  higher  impedances  than 
the  series  of  LaFe03-based  materials  investigated  here  [43].  LSM 
has  a  similar  electronic  conductivity  as  LNF  but  has  much  lower 
ionic  conductivity,  reportedly  4  x  10-8  S  cm-1  at  800  °C  [46].  Com¬ 
paring  the  various  LaFe03 -based  materials  from  the  present  study, 
the  open-circuit  impedances  appear  to  also  decrease  with  increas¬ 
ing  ionic  conductivity,  but  with  a  very  weak  dependence.  Of  the 
materials  tested,  LSF  has  the  highest  ionic  conductivity  by  a  signif¬ 
icant  margin  and  shows  the  lowest  open-circuit  impedance  after 
calcination  to  1100  °C.  Flowever,  it  must  be  acknowledged  that  the 
electrochemical  performance  of  all  the  LaFe03 -based  perovskites 
studied  here  was  similar,  even  though  the  ionic  conductivity  at 
700  °C  varied  from  1.6  x  10_6Scm_1  for  LNF  to  8.3  x  10_4Scm_1 
for  LSF. 

The  catalytic  properties  of  the  perovskites  in  the  LaFe03  series 
do  not  appear  to  be  of  critical  importance.  If  they  were,  one  would 
expect  that  the  Ni-containing  material  to  be  much  more  effective 
at  reducing  02,  given  that  Ni  is  much  more  easily  reduced  than 
Fe.  Since  cathode  performance  is  likely  limited  by  diffusion  in  our 
study,  at  least  following  calcination  to  1100  °C,  it  is  possible  that 
the  lack  of  dependence  on  catalytic  properties  is  associated  with 
our  particular  operating  regime.  However,  while  there  is  an  exten¬ 
sive  literature  involving  attempts  to  improve  the  electrochemical 
properties  of  SOFC  cathodes  by  adding  catalytic  promoters,  a  recent 
review  of  this  literature  also  suggested  that  there  is  no  clear-cut  evi¬ 
dence  for  a  relationship  between  performance  and  the  addition  of 
catalytic  components  [17]. 

It  is  interesting  to  ask  what  gives  rise  to  the  current-dependent 
impedance  in  the  electrodes  calcined  to  higher  temperatures.  While 
it  is  possible  that  solid-state  reactions  between  the  perovskites  and 
the  YSZ  lead  to  the  formation  of  interfacial  compounds  in  quantities 
too  small  to  observe  with  XRD,  the  formation  of  insulating  layers 
would  be  expected  to  influence  the  ohmic  losses  in  the  cell,  rather 
than  the  non-ohmic  losses.  Furthermore,  it  seems  unlikely  to  us 
that  formation  of  compounds  like  La2Zr207  would  be  reversed  by 
electrode  polarization.  In  previous  studies,  it  has  been  suggested 
that  the  curvature  in  the  V-I  relationship  could  be  associated  with 
ion  diffusion  through  the  perovskite  film  and  coupling  of  that  diffu¬ 
sion  process  with  diffusion  of  oxygen  ions  through  the  YSZ  scaffold 
[20].  Alternatively,  diffusion  of  oxygen  ions  in  the  perovskite  mixed 
conductor  could  have  concentration  and  field  dependences  [34], 
so  that  the  effective  diffusivity  could  be  nonlinear.  Either  of  these 
mechanisms  would  explain  changes  in  the  impedance  with  ionic 
conductivity,  although  one  would  expect  the  dependence  to  be 
stronger  than  we  observed  here.  Evidence  for  a  diffusion  process 
limiting  electrode  performance  comes  from  the  low  peak  frequen¬ 
cies  in  the  impedance  spectra  of  the  deactivated  electrodes.  Also, 
the  potential  gradients  across  a  film  would  be  similar  for  both 
anodic  and  cathodic  polarization,  so  that  the  electrode  impedance 
should  be  affected  in  a  similar  manner  for  cathodic  and  anodic 
polarization  for  a  diffusional  process. 

While  the  performances  of  the  LNF  and  LSNF  electrodes  are 
excellent  following  low-temperature  calcination,  essentially  the 
same  as  that  of  LSF,  it  is  doubtful  that  this  level  of  performance 
will  be  stable.  In  the  earlier  studies  of  LSF-YSZ  composites,  it  was 
shown  that  operation  at  700  and  800  °C  for  several  thousand  hours 
caused  changes  in  the  electrode  that  were  similar  to  those  caused 
by  calcination  to  1100  °C  [20].  Therefore,  the  performance  of  the 
electrode  following  high-temperature  calcination  is  probably  more 
indicative  of  that  which  would  be  observed  during  much  of  the 
lifetime  of  fuel  cells  made  with  these  materials. 

As  we  pointed  out  in  Section  1,  one  of  the  problems  with  LSF 
cathodes  is  their  relatively  poor  electronic  conductivity,  a  problem 
that  is  solved  with  electrodes  based  on  LNF  and  LSNF.  If  meth¬ 
ods  can  be  developed  to  prevent  sintering  and  film  formation,  the 
properties  of  these  new  perovskites  appear  to  be  quite  attractive. 
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5.  Conclusions 

The  properties  LNF-YSZ  and  LSNF-YSZ  composite  electrodes 
formed  by  infiltration  were  investigated.  Based  on  XRD,  solid-state 
reactions  between  the  perovskite  and  the  YSZ  do  not  appear  to  be 
a  problem  for  practical  operating  temperatures.  The  electrochemi¬ 
cal  properties  following  calcination  at  lower  temperatures  are  very 
good  but  higher  calcination  temperatures  cause  the  perovskites  to 
form  a  film  over  the  YSZ  scaffold  that  appears  to  limit  performance. 
It  is  suggested  that  a  method  to  prevent  film  formation  would  result 
in  SOFC  cathodes  with  outstanding  properties. 
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